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Scramjet is an air-breathing engine designed to propel advanced aircrafts in the 
atmosphere, suitable, according to various studies, to thrust high-speed hypersonic flights 
(over Mach 5). The thermal protection of vehicles flying at hypersonic velocities is a critical 
problem; as at supersonic speeds the incoming air is at too high temperature to be used as a 
coolant, the fuel becomes the only adequate source of cooling for the vehicle. Regenerative 
cooling is a well-known cooling technique using the fuel as coolant. As the development of 
regeneratively cooled engines faces many difficulties, an empirical study of this cooling 
technology and of its complex dynamics is of high interest. In this context, a remotely 
controlled fuel-cooled combustor, suitable for the experimental analysis of the pyrolysis-
combustion coupling characterizing a fuel-cooled combustion chamber when a hydrocarbon 
propellant is used, has been designed. Tests are realized under both stationary and transient 
conditions using ethylene as fuel and air as oxidizer. Two operating parameters, i.e. fuel mass 
flow rate (between 0.010 and 0.040 g.s-1) and equivalence ratio (between 1.0 and 1.5), have been 
investigated. It has been observed that fuel mass flow rate increases always result in the raise 
of the heat flux density passing from the combustion gases to the combustor walls. It has been 
seen that mass flow rate raises between 16 and 20 % lead to increases in the thermal energy 
evacuated by the fuel-coolant in the range from 30.4 to 48.5 %, depending on equivalence ratio 
and pressure. The dependence of the cooling system heat exchange efficiency on the two 
operating parameters has been demonstrated. The consequences of the coking activity of the 
fuel have also been investigated. For applied interest, a monitoring method for carbon deposits 
formation has been developed and validated.   
Nomenclature 
A = surface  
c1 = numerical constant  
c2                      = numerical constant  
Cp = heat capacity  
D = diameter 
ΔP  = pressure drop 
F = view factor  
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2 
fv = volume fraction  
h = convective heat transfer coefficient  
H = height  
k = thermal conductivity  
L = length 
ṁ = mass flow rate  
P = pressure  
q = heat flux density  
S               =   cross section 
t = time  
T = temperature  
v = velocity  
Greek Symbols 
ε = emissivity 
η                      = efficiency 
μ = dynamic viscosity 
ρ = density 
σ  = Boltzmann’s constant 
φ = equivalence ratio of fuel to oxidizer 
Subscripts 
amb = ambient conditions 
cc = cooling channel 
conv               = convective 
comb = combustor 
ext = combustor external wall 
f  = fuel 
g = combustion gases 
int                      = combustor internal wall 
rad = radiative 
th = thermocouple 
I. Introduction 
he development of aircrafts and space vehicles able to achieve hypersonic velocities (over Mach 5) may provide 
significant commercial benefits. Indeed, hypersonic flight is suitable for both civil and military applications, as 
the development of hypersonic aircrafts and hypersonic missiles1. Because of the operational limitation of gas turbine 
engines to speeds generally under Mach 4, high-speed flight propulsion systems must integrate engines capable of 
propelling the vehicle when its velocity becomes hypersonic. To this end, Scramjets represent a very effective solution. 
Scramjets are air-breathing jet engines suitable for atmospheric flight, using ambient air as oxidizer. Incoming air 
enters the air inlet at very high speed and is compressed thanks to the forward motion of the vehicle, without any 
rotary compressor. Scramjets are, according to various studies, suitable to thrust missiles and aircrafts and even 
reusable space transport vehicles at speeds between Mach 4 and Mach 10, where their specific impulse is unmatched2-
4. 
At hypersonic speeds, vehicle thermal protection becomes critical, particularly with respect to the engine 
combustion chamber, which is exposed to very high temperatures. At Mach 8, for example, combustion gases total 
adiabatic temperature can achieve 4500 K, far in excess of all known structural material capability5-7. Several cooling 
techniques can be used to protect the combustor internal surfaces from the hot combustion gases. In general, when the 
operating time of the vehicle is not in the order of few minutes, active cooling techniques, requiring the use of a 
coolant, must be implemented. In this sense, when compared to air, fuels are generally much better coolants; at 
hypersonic speeds, the fuel becomes the only adequate source of cooling for the vehicle7-11. 
Regenerative cooling is a cooling technique using the fuel as coolant. Indeed, before being burned, the propellant 
flows through cooling channels located between the inner and the outer walls of the engine. Thus, a counter-flow heat 
exchange between the fuel-coolant and the burned gases is generated and combustor internal surfaces are cooled5,12,13. 
Regenerative cooling is particularly effective when an endothermic fuel is used, as, when heated at high temperatures, 
T 
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endothermic hydrocarbons undergo endothermic thermal decomposition. That enhances their cooling capability7. 
Moreover, fuel decomposition in the cooling channels generates light hydrocarbons, whose ignition delay times are 
much lower than that of the original propellant; therefore fuel combustion kinetics become faster and the performance 
of the engine improves12,13. This is a key benefit of this cooling technology, as one of the weak points of Scramjets 
engines, deriving from the very low time that the fuel and the oxidizer spend in the combustor (in the order of few 
ms12), is the difficulty to complete fuel combustion in the combustion chamber.  
The design of regeneratively cooled Scramjets is a challenging task, facing several difficulties. Some of the most 
relevant issues concerning the development of fuel-cooled Scramjets have already been studied in the framework of 
various programs. Several numerical studies have been performed to evaluate the heat flux densities between the 
combustion gases and the combustor internal surfaces and to identify the highest heat flux combustor regions4,8,14-18. 
The design of the cooling channels has been the subject of many works; the effects of their shape and of their cross-
section area on combustion chamber walls temperature and on fuel-coolant temperature and pressure drop have been 
thoroughly investigated19-23. The possibility of employing carbon composite materials for the manufacturing of the 
combustor walls has been thoroughly studied24-26. Several studies have also been realized on endothermic 
hydrocarbons thermal decomposition, aiming at determining the main products for various jet fuels and for various 
operating conditions of pressure, temperature or residence time27-30. 
A particular attention has been paid to the study of the coking activity characterizing hydrocarbon fuels high-
temperature decomposition. Indeed, as hydrocarbons thermal pyrolysis mainly results in the formation of species as 
hydrogen, ethylene and ethane, which are highly hydrogenated, fuel decomposition in the cooling channels of a fuel-
cooled combustor can lead to the formation of carbon depositions. This phenomenon raises serious concerns, 
especially if very long system lifetimes are required, for its negative consequences: 1) decrease in the heat transfer 
efficiency of the overall cooling system (due to thermal insulation of carbon, whose thermal conductivity is 4 to 6 
times less than that of steel metallic materials); 2) decrease in the endothermicity of fuel decomposition reactions; 3) 
increase in the pressure drop or even system failure due to cooling channels or fuel injectors obstruction7,31-34.  
However, to the author’s knowledge, none of published studies focused on the most important aspect 
characterizing regeneratively cooled combustors, i.e. the strong coupling between fuel decomposition and fuel 
combustion, which makes the definition of a control strategy for this type of engines a major challenge. Even the 
effect on engine thrust of the most important operating parameter, i.e. the mass flow rate of the fuel fed to the engine, 
is not easy to determine. Indeed, engine thrust depends both upon fuel mass flow rate and fuel composition, which are 
linked to each other, as fuel composition vary with fuel residence time in the cooling channels that, in turn, vary with 
fuel mass flow rate. A mass flow rate increase would probably result in a residence time decrease and, consequently, 
in a less enhanced fuel decomposition. Thus, the propellant injected in the combustor would contain less low ignition 
delay time species; consequently, the global effect could even be a drop in the engine thrust or even flame 
extinction12,13,35. To the author’s knowledge, the only work analysing this point is the one of Gascoin12, in which the 
impact of fuel mass flow rate on burned gases temperature, fuel-coolant temperature and residence time in the cooling 
channels has partially been defined by means of numerical calculations.  
The necessity of an empirical study of such a complex technology is evident; this is the only approach permitting 
to develop an engine control strategy suitable for on-board application on a hypersonic vehicle. The present work aims 
at validating experimentally the already acquired numerical knowledge of a regeneratively cooled combustor when a 
hydrocarbon is used as fuel. To this end, a remotely controlled combustor, suitable for the experimental analysis of a 
fuel-cooled engine, has been designed. The cooling channels typical of a fuel-cooled Scramjet have been re-created 
by means of a single rolled-up stainless steel tube which passes in the combustion chamber and is placed on the 
combustor internal wall. Experiments are performed under both stationary and transient conditions by using ethylene 
as fuel and air as oxidizer. Two command parameters, which are fuel mass flow rate ṁf (in the range from 0.010 to 
0.040 g.s-1) and fuel to oxidiser equivalence ratio φ (in the range from 1.0 to 1.5) are investigated. Thanks to this 
innovative experimental set-up (extensively described in a previous work13), the effect of these two operating 
parameters on the main heat fluxes characterizing the combustor is analyzed. The variations of the convective and of 
the radiative heat fluxes passing from the burned gases to the combustor wall resulting from ṁf and φ variations are 
examined. The sensible heat flux absorbed by the fuel-coolant is calculated. The heat transfer efficiency of the cooling 
system is determined. The coking activity of the fuel in the cooling channel is also investigated; a carbon deposition 
monitoring method, suitable for real-time on-board application, is proposed.  
This work will raise the knowledge of the scientific community on the thermal management and control of a 
regeneratively cooled Scramjet. 
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II. Materials and Method 
A. Description of the test bench  
 The experimental set-up consists in a fuel-cooled combustor which allows the experimental investigation of the 
coupling between fuel pyrolysis and fuel combustion occurring on fuel-cooled engine using an endothermic 
hydrocarbon propellant. It also permits to study the effects of the high-temperature coking activity of this type of fuels 
on the performace of 
the cooling system. 
The combustor, 
whose height is of 
0.5 m, is composed 
of two stainless steel 
co-axial tubes 
having respectively 
a diameter of 0.1 m 
(the internal one) 
and of 0.3 m (the 
external one) and a 
thickness of 1 mm, 
separated by a 
ceramic insulation 
blanket. The cooling 
channels are 
reproduced by a 
single rolled-up 
stainless steel tube 
having a length of 40 
m, whose internal and external diameters are respectively 1.0 mm and 3.2 mm. It passes in the combustion chamber 
entering from the top and exiting from the bottom and is placed on the internal wall of the combustor. Consequently, 
the fuel-coolant is exposed to the heat flux generated by the flame before being burned. A scheme of the combustor 
is represented in fig. 1. Its dimensions and characteristics have been computed in conformity with expected values on 
a real configuration by using similitude rules13.    
The fuel and the oxidizer used to carry out the tests, which are 
respectively ethylene and air, are fed to the combustor by using 
two high-precision mass flow controllers, respectively a 
Bronkhorst F-201CM-10K-RDA-88-K for ethylene (with a range 
of 0-0.2 g.s-1) and a Bronkhorst F-202AV-M20-RDA-55-V for 
air (with a range of 0-5.0 g.s-1). Two pressure transducers, 
indicated as PTE and PTA in fig. 1, are used to measure 
respectively the pressure of the ethylene entering the cooling 
channel and the pressure of the air entering the burner. The 
temperatures achieved by the burned gases are measured by 
eleven type K thermocouples, which can be shifted from the wall 
to the axis of the combustor. Their positions are shown in fig. 2, 
where the base of the combustion chamber is used as reference. 
A type K thermocouple (indicated as TChf in fig. 2) is located at 
the outlet of the cooling channel from the combustor, to measure 
the temperature of the heated fuel.  
The burner used to generate the flame is a Five North 
American SPB5 pilot burner, which permits to mix the fuel and 
the oxidizer in order to produce a pre-mixed combustion, having a nominal capacity of 6 kW. The choice of premixed 
flame allows to facilitate the numerical study of the system.  
The experimental bench is completely automated. Further details on it have already been given in a previous 
work13. 
 
Figure 1. Scheme of the regenerative cooling combustion chamber 
COOLING 
CHANNEL
BURNER
ETHYLENE
AIR
FUEL IN THE 
COOLING 
CHANNEL
PTE
PTA
TChf
PV
• PTE: Ethylene Pressure 
Transducer
• PTA:  Air Pressure 
Transducer
• TChf: Thermocouple 
Placed at Cooling 
Channel Outlet
• PV: Valve to Vary Fuel 
Injection Pressure
 
Figure 2. – Scheme representing the position of the 
thermocouples used to measure the combustion 
gases temperature field  
TC1
TC3
TC10
TC5
TC11
TC9
TC6
TC7
TC8
TC4
TC2 3 cm
5 cm
D
ow
nl
oa
de
d 
by
 P
EN
N
SY
LV
A
N
IA
 S
TA
TE
 U
N
IV
ER
SI
TY
 o
n 
M
ar
ch
 7
, 2
01
7 
| ht
tp:
//a
rc.
aia
a.o
rg 
| D
OI
: 1
0.2
514
/6.
201
7-2
126
 
 American Institute of Aeronautics and Astronautics 
 
 
5 
B. Test Methodology 
Experiments are run by varying 
two operating parameters, i.e. fuel 
mass flow rate ṁf (in the range from 
0.01 to 0.04 g.s-1) and equivalence 
ratio φ (in the range from 1.0 to 1.5), 
which is modified by varying the ratio 
between ethylene mass flow rate and 
air mass flow rate. A brief review of 
the test cases which have been realized 
is given in tab. 1.   
Each experiment is carried out by 
varying a single input parameter, to 
investigate its effect on the dynamics 
of the combustor; during each test, this 
parameter is increased twice and then 
decreased twice, while keeping the 
other constant. Operating conditions 
are varied only when steady state has 
been achieved, i.e. when the rate of variation of the temperature of the fuel-coolant measured at the outlet of the 
cooling channel (thermocouple TChf) becomes lower than 0.1 K.min-1. For example, let us consider the test case 
number 1 of tab. 1. The test is 
started with a fuel mass flow rate 
of 0.020 g.s-1 and an equivalence 
ratio of 1.50; when steady state is 
achieved, fuel mass flow rate is 
increased from 0.020 to 0.030 g.s-
1 to let the system reach a new 
stationary state. Similarly, fuel 
mass flow rate is later increased 
to 0.040 g∙s-1, then reduced twice 
respectively to 0.030 and 0.020 
g.s-1, to come back to the initial 
operating conditions. Meanwhile, 
fuel equivalence ratio is not 
modified. Thus, during each 
experiment, the test bench 
achieves steady state five times. 
For simplicity purposes, they will 
be numbered consecutively, 
beginning from steady state 1 and 
finishing with steady state 5. 
At the start of each test, all the 
thermocouples are placed at 1 cm 
from the wall of the combustor, at 
position P1, with the exception, 
of the two thermocouples 
indicated respectively as TC2 and 
TC7, which are placed at 5 cm 
from the wall, on the axis of the 
combustion chamber, at position 
P3 (fig. 3-a). When a steady state 
is achieved, the thermocouples which are at position P1 are first shifted at position P2 (at 3 cm from the wall, fig. 3-
b), then at position P3, each time after the stabilization of the measured temperatures (fig.3-c). Before varying the 
input parameter whose effect is studied, the thermocouples which had been displaced are moved back to their original 
positions (fig. 3-d). 
 
Figure 3. Test sequences (a to d) representing the different locations of thermocouples 
to monitor the temperature field in the combustor during the test  
Test 
Case  
Fuel Mass Flow 
Rate (g.s-1) 
Equivalence 
Ratio  
Fuel Inlet 
Pressure (Bar) 
1 0.020-0.030-0.040 1.50 1.0 
2 0.020-0.024-0.028 1.00 1.0 
3 0.020-0.024-0.029 1.25 1.0 
4 0.020-0.024-0.030 1.50 1.0 
5 0.024 1.00-1.25-1.50 5.0 
6 0.020-0.024-0.039 1.00 4.5 
7 0.020-0.025-0.029 1.25 5.0 
8 0.020-0.024-0.029 1.50 4.0 
9 0.016 1.25 5.00-8.0-11.0 
Table 1. – Overview of the test matrix summarizing the command parameters 
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C. Data Post-Processing 
The objectives of this work include the calculation of the heat load passing from the combustion gases to the 
combustor wall and the heat load absorbed by the fuel-coolant. The total heat flux density passing from the combustion 
gases to the combustor wall has been calculated using the following equation: 
𝑞𝑔 = 𝑞𝑔,𝑐𝑜𝑛𝑣 + 𝑞𝑔,𝑟𝑎𝑑  (1) 
In equation (1), qg is the total heat flux density passing from the burned gases to the combustion chamber internal 
surface, whereas qg,conv and qg,rad are respectively the convective and the radiative heat flux density. The following 
equation is used to calculate qg,conv:   
𝑞𝑔,𝑐𝑜𝑛𝑣 = ℎ𝑔 ∙ (𝑇𝑔,𝑃3 − 𝑇𝑔,𝑃1) (2) 
In the above equation, hg is the convective heat transfer coefficient, Tg,P1 is the gas temperature measured in 
position P1 and Tg,P3 is the gas temperature measured in position P3. The convective heat transfer coefficient hg is 
calculated using the following equation36: 
ℎ𝑔 = 1.86 ∙
𝑘𝑔
𝐷𝑖𝑛𝑡
∙ (
𝐷𝑖𝑛𝑡
𝐻∗
∙ 𝑅𝑒𝑔 ∙ 𝑃𝑟𝑔)
0.33
∙ (
𝜇𝑔,𝑃3
𝜇𝑔,𝑃1
)
0.14
 (3) 
where Reg and Prg are defined as follows: 
𝑅𝑒𝑔 =
𝜌𝑔 ∙ 𝐷𝑖𝑛𝑡 ∙ 𝑣𝑔
𝜇𝑔
 (4) 
𝑃𝑟𝑔 =
𝐶𝑝,𝑔 ∙ 𝜇𝑔
𝑘𝑔
 (5) 
In equations from (3) to (5), kg is the average gas thermal conductivity, ρg is the average gas density, μg is the 
average gas viscosity, Cp,g is the average gas specific heat, vg is the average gas velocity, Dint is the internal diameter 
of the combustor, H* is a characteristic length (it is assumed to be one tenth of the combustor height), μg,P1 is gas 
viscosity in position P1 and μg,P3 is gas viscosity in position P3. The average value of each property is calculated at 
the average gas temperature between position P1, P2 and P3.  
The following equation is used to calculate the radiative heat flux qg,rad36: 
𝑞𝑔,𝑟𝑎𝑑 = 𝜀 ∙ 𝜎 ∙ 𝐹 ∙ (𝑇𝑔,𝑃3
4 − 𝑇𝑔,𝑃1
4) = (𝜀𝑔 + 𝜀𝑠 −𝑀 ∙ 𝜀𝑔 ∙ 𝜀𝑠) ∙ 𝜎 ∙ 𝐹 ∙ (𝑇𝑔,𝑃3
4 − 𝑇𝑔,𝑃1
4) (6) 
where ε is flame emissivity, εg is the combustion gases emissivity, εs is the soot emissivity, σ is the Stefan–
Boltzmann’s constant and F is the view factor. The calculation of the emissivity of the combustion gases is based, 
depending upon the species, on the Hottel emissivity charts37 and on the calculations of Malkmus and Thompson36, 
whereas soot emissivity εs and the correction factor M are calculated by using the following equations36: 
𝜀𝑠 = 1−(1 + 𝑐1 ∙ 𝑓𝑣𝑜𝑙 ∙ 𝐿 ∙ 𝑇𝑔 ∙ 𝑐2
−1)−4 (7) 
𝑀 = 1.12 − 0.27 ∙
𝑇𝑔
1000
+ 2.7 ∙ 105 ∙ 𝑓𝑣𝑜𝑙 ∙ 𝐿𝑟𝑎𝑑  (8) 
In equations (7) and (8), Tg is the gas temperature in degree Kelvin, fvol is the soot volume fraction, Lrad is the path 
length of the radiation in m (it is assumed to be 0.058 m)37, c1 is an adimensional constant varying with fuel type (it is 
assumed to be 8.9)38 and c2 is Planck’s second constant (it has a value of 0.0144 m∙K)36. Soot volume fraction is 
estimated by using data kept from literature39-41.  
The following equation is used to calculate the sensible heat flux absorbed by the pyrolyzing fuel:   
𝑞𝑓,𝑐𝑐 = ?̇?𝑓 ∙ 𝐶𝑝,𝑓 ∙ (𝑇𝑓,𝑜𝑢𝑡 − 𝑇𝑓,𝑖𝑛) (9) 
where Cp,f is fuel specific heat, Tf,in is fuel temperature at cooling channel inlet and Tf,out is fuel temperature at 
cooling channel outlet, before its injection in the burner. 
To characterize the performance of the regeneratively cooled combustor, the heat transfer efficiency of the overall 
cooling system has been calculated. It is defined as the ratio between the actual rate of heat transfer from the 
combustion gases to the coolant and the optimum one42: 
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7 
𝜂 =
𝑞𝑓,𝑐𝑐
𝑞𝑓,𝑐𝑐|𝑜𝑝𝑡
=
𝑞𝑓,𝑐𝑐
𝑈 ∙ 𝐴𝑖𝑛𝑡 ∙ 𝛥𝑇𝑙𝑜𝑔
 
(10) 
where the local overall heat-transfer coefficient U and the logarithmic mean temperature difference ΔTlog are 
calculated using the following equation36:  
𝑈 = (
1
ℎ𝑔
+
1
ℎ𝑟,𝑖𝑛𝑡
+
𝐷𝑖𝑛𝑡 ∙ 𝑙𝑛(𝐷𝑒𝑥𝑡/𝐷𝑖𝑛𝑡)
2 ∙ 𝑘𝑐𝑐
+
1
ℎ𝑓
)
−1
 (11) 
∆𝑇𝑙𝑜𝑔 =
(𝑇𝑔
𝑇𝐶2− 𝑇𝑓,𝑜𝑢𝑡) − (𝑇𝑔
𝑇𝐶11 − 𝑇𝑓,𝑖𝑛)
𝑙𝑜𝑔 ((𝑇𝑔
𝑇𝐶2 − 𝑇𝑓,𝑜𝑢𝑡) − (𝑇𝑔
𝑇𝐶11 − 𝑇𝑓,𝑖𝑛))
 (12) 
In equations (10) to (12), Aint is the combustor internal surface, kcc is the cooling channel thermal conductivity, hg 
is the convective heat transfer coefficient in the combustor, hf is the convective heat transfer coefficient in the cooling 
channel, hr,int is the radiative heat transfer coefficient in the combustor43 and TgTC2 and TgTC11 are the average gas 
temperature between position P1, P2 and P3 measured respectively at combustor base and at combustor outlet.  
To calculate all the convective and radiative heat transfer coefficients, the thermodynamic properties, the transport 
properties and the velocities of the combustion gases in the combustion chamber must be known. Burned gases 
composition is obtained by numerical calculations with the IdealGasReactor module of the CANTERA package44 
using as chemical reaction mechanism the one developed by Dagaut et al.45. The thermodynamic and transport 
properties of each constituent of the burned gases are taken from literature43,46. The velocities of the combustion gases 
in the combustor are determined with CFD software Fluent, considering a 2-D axisymmetric domain. Turbulence is 
modeled by using the standard k-ɛ model, with standard wall functions near wall treatment. 
III. Results and Discussion 
A. Analysis of the Influence of Fuel Mass Flow Rate and Equivalence Ratio on Heat Transfer and on 
Combustor Cooling Efficiency   
In this section, we detail the effects of ṁf and φ variations on: i) the heat flux density passing from the combustion 
gases to the combustor wall, ii) the sensible heat flux absorbed by the fuel-coolant, iii) the heat transfer efficiency of 
the cooling system.  
To investigate the influence of ṁf and φ, test cases from 2 to 4 are examined. The operating conditions are given 
in table 1. As it can be seen in table 1, these experiments are carried out by varying fuel mass flow rate between 0.020 
and 0.028 g.s-1. As 
explained in section 2, 
during each test operating 
conditions are varied only 
when steady state has been 
achieved. 
In fig. 4, the total heat 
flux densities passing 
from the combustion 
gases to the combustor 
wall at steady state 
(indicated as qg) for 
experiments 2, 3, and 4 are 
given. Fig. 4 indicates 
that, independently from 
equivalence ratio, ṁf 
increases always result in 
an increase in qg whereas 
ṁf decreases always 
results in a drop of qg. 
Moreover, it proves that qg 
 
Figure 4. – . Heat flux densities qg at steady state for tests 2, 3, and 4  
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increases and decreases are higher under stoichiometric conditions than under rich ones.  
Fig. 4 also permits to understand the effect of φ on combustion gases-combustor wall heat transfers. Indeed, it 
shows that the total heat flux density qg strongly increases when φ passes from 1.0 to 1.25 (depending on ṁf, it is 
between 16.8 to 62.4% higher). Conversely, a further raise of φ from 1.25 to 1.5 seems to produce the opposite result, 
i.e. a qg drop. This finding is perhaps due to the fact that under fuel-rich conditions fuel combustion forms soot deposits 
and consequently the temperatures measured on the axis of the combustor are probably underestimated, due to the 
accumulation of soot aggregates on the thermocouples40,47. Thus, the calculated heat transfers from the burned gases 
to the combustion chamber surface are probably underestimated, the underestimation being greater when equivalence 
ratio is higher. 
The formation of soot particles under fuel-rich 
conditions also explains why qg increases with φ. In fact, 
due to the formation of carbon particles, even a small raise 
in φ results in a substantial increase in flame luminosity, as 
it can be seen in tab. 2, where the average flame emissivities 
εg are given for tests 2, 3, and 4. Hence, radiative heat 
transfer between the burned gases and the combustor wall, 
strongly depending upon flame emissivity, raises36.  
In fig. 5 and in fig. 6 the temperature achieved by the 
fuel-coolant at steady state at the outlet of the cooling 
channel (indicated as Thf) and the sensible heat flux 
absorbed by the fuel-coolant at steady state divided by the cooling channel length (indicated as qf,cc) are respectively 
given for cases 2, 3, and 4.  
As already said in section 2, qf,cc is calculated using equation (9), even if probably temperature Thf, is not the highest 
one achieved by the 
coolant. This approach is 
questionable, as it leads to 
underestimate the real 
absorbed heat load. 
Moreover, it does not take 
into account the thermal 
energy absorbed by the 
endothermic 
decomposition reactions 
occurring in the cooling 
channel. Yet, it represents 
a first method to evaluate 
the performance of the 
cooling system and to 
compare tests run under 
different conditions.   
Fig. 5 indicates that a 
raise of ṁf leads to a raise 
of Thf whereas its drop 
leads to a decrease in Thf. This is consistent with previous literature works12,13. Fig. 6 indicates that ṁf raises lead to 
qf,cc increases whereas ṁf decreases lead to qf,cc drops. This latter outcome is very important; indeed, it shows that a 
raise of the mass flow rate of the fuel fed to the combustor, which causes an increase in the heat flux density passing 
from the burned gases to the combustor internal wall (as seen in fig. 4), also results in the improvement of the cooling 
capability of the cooling system.  
A hysteresis effect can be observed both in fig. 5 and in fig. 6 by comparing steady state 1 and steady state 5 and 
by comparing steady state 2 and steady state 4. This behavior had already been numerically predicted12 and this 
experimental confirmation opens a new opportunity to study the characteristics times of the bench. This will be better 
developed in a future work. 
To define the performance of the regeneratively cooled combustor, the heat transfer efficiency η of the overall 
cooling system has been determined for test cases 2, 3, and 4. They are given in table 3. 
 
Figure 5. – Thf at steady state for tests 2, 3, and 4  
φ=1.0
φ=1.25
φ=1.5
1
5
2
4
31
5
2
4 3
1
2 3
0.018 0.0280.0260.0240.022 0.0300. 8 0.020 0. 80.00.020.0 0. 0
400
500
600
700
800
Ethylene Mass Flow Rate (g.s-1)
T
em
p
er
a
tu
re
 (
K
)
Test 
Case  
Equivalence 
Ratio  
Flame 
Emissivity 
2 1.00 0.065 ± 0.004 
3 1.25 0.123 ± 0.018 
4 1.50 0.263 ± 0.040 
Table 2. – Calculated flame emissivities at steady state 
for test cases number 2, 3, and 4 
D
ow
nl
oa
de
d 
by
 P
EN
N
SY
LV
A
N
IA
 S
TA
TE
 U
N
IV
ER
SI
TY
 o
n 
M
ar
ch
 7
, 2
01
7 
| ht
tp:
//a
rc.
aia
a.o
rg 
| D
OI
: 1
0.2
514
/6.
201
7-2
126
 
 American Institute of Aeronautics and Astronautics 
 
 
9 
It can be observed that 
η grows as a function of ṁf 
and φ. Hysteresis effects, 
due to system heat transfer 
dynamics, can be noted by 
comparing test 2 and test 
3. Indeed, it can be seen 
that for both experiments 
the values reached by η at 
steady state 4 and 5 are 
always lower than those 
reached respectively at 
steady state 2 and 1. Table 
3 also indicates that 
combustor performance 
generally grows with 
equivalence ratio. 
These results are very 
relevant and confirm the 
findings based on the 
analysis of fig. 6, according to which both an increase in ṁf and an increase in φ lead to the improvement of the cooling 
capability of the cooling system. Being, as explained above, the heat flux absorbed by the pyrolyzing fuel 
underestimated, the calculated heat transfer efficiencies are underestimated too. 
B. Study of Fuel Coking Activity with the Description of Coking Monitoring Methods Suitable for Real-Time 
on-Board Application   
As already observed, fuel thermal stability is a great challenge facing the use of endothermic hydrocarbon fuels. 
In order to investigate the consequences of fuel cooking activity on combustor dynamics, test case number 8 is now 
presented. This experiment has been stopped 332.4 minutes after the start as the coke deposits generated by fuel 
decomposition had caused the occlusion of the cooling channel.  
The time-averaged carbon deposition rate along the cooling channel and the time-averaged cooling channel 
external wall temperature are given and in fig.7-a and 7-b. In order to calculate the time-averaged carbon formation 
rate, at test completion the rolled-up tube has been removed from the combustor washed with hexane and 
dichloromethane and dried with nitrogen. It has then been cut into 3 meters long pieces and the carbon accumulated 
in each section has been weighted with a precision balance (Kern ABS-N/ABJ-NM Analytical Balance). To express 
fuel coking rate in μg.cm-2.s-1, the measured coke mass has been divided by cooling channel internal surface and by 
test duration. This approach is questionable for two reasons. First, carbon coking activity is not uniform all over the 
experiment, as the temperatures achieved by the decomposing fuel vary with time. Second, it probably leads to 
underestimate the real carbon deposition rate, as during the first part of the experiment the temperatures achieved by 
ethylene in the cooling channel are too low to allow its pyrolysis. Nevertheless, it permits to obtain consistent results 
and to compare experiments run under different conditions. The cooling channel external wall temperature is 
calculated using the Dittus-Boelter correlation48.   
Fig. 7-a and 7-b indicate that carbon pyrolytic deposits only form in the highest temperature sections of the cooling 
channel, where the temperature achieved by its external surface is over 750 K, and that fuel deposition increases with 
increasing temperature. Following from the very high values of Reynolds number characterizing fuel flow in the 
 
Figure 6. – Sensible heat flux qf,cc for tests 2, 3, and 4 
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4 1.50 0.071±0.008 0.093±0.011 0.105±0.013 - - 
Table 3. – Combustor heat transfer efficiencies at steady state for tests 2, 3, and 4 
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10 
rolled-up tube (over 8000), it can be 
supposed that the difference of 
temperature between the decomposing 
hydrocarbon and the cooling channel wall 
is of few tens of degree K49. Being fuel 
residence time in the cooling channel for 
this test between 15.02±1.80 and 
15.66±1.88 s, this outcome is consistent 
with the mainstream literature works, 
which states that, when few seconds 
residence times are considered, 
hydrocarbon pyrolytic deposition may 
only occur at temperatures over 700 
K7,31,33.  
It can also be seen that the calculated 
coke formation rate seems to be higher in 
the last part of the cooling channel, 
between 40 and 45 meters from the inlet, 
even if the corresponding wall 
temperatures are slightly lower than the 
ones measured between 25 and 35 meters 
from the inlet. This result is probably 
attributable to the accumulation, in the last 
part of the rolled-up tube, of amorphous 
tar-like depositions that were generated in 
higher temperature zones and carried away 
by the flowing fuel. Due to their poor 
affinity to the solvents used to wash the 
tube before measuring its weight, it has not 
been possible to completely remove them. 
So, the computed values of coke formation 
rate between 35 and 40 meters from the 
inlet are overestimated.  
The extent to which regenerative 
cooling benefits can be capitalized is not 
only related to our ability to moderate coke 
formation, but also to the development of 
carbon deposition monitoring methods 
suitable for real-time on-board application. 
In this sense, the monitoring of fuel-
coolant pressure drop in the cooling 
channels (ΔPf) could be a viable strategy. 
In fig. 8, ΔPf is given as a function of time 
for test 8.  
The two very abrupt pressure loss 
increases indicated as ΔPf,1 and ΔPf,2 result from fuel mass flow rate raises (respectively from 0.020 to 0.024 g;s-1 and 
from 0.024 to 0.028 g.s-1), whereas the brusque pressure loss decrease indicated as ΔPf,3 is attributable to fuel flow 
rate reduction from 0.024 to 0.020 g.s-1. Instead, the progressive pressure drop increases ΔPf,b1 and ΔPf,b2 are both due 
to the gradual accumulation of coke deposits on the cooling channel internal surface, which reduces the tube cross 
section. As already said, this test was run until the final sudden fuel pressure drop raise that can be easily seen in the 
figure, indicating that complete blockage was imminent 
 
 
Figure 7. – Comparison between coke formation rate (a) and cooling 
channel wall temperature (b) for test 8 
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IV. Conclusion 
Regenerative cooling is 
expected to guarantee the 
thermal protection of 
Scramjet propelled vehicles 
flying at velocities over Mach 
5. Its effectiveness is studied 
in this paper when an 
endothermic hydrocarbon 
fuel is used. A regeneratively 
cooled combustor, allowing 
the experimental study of 
pyrolysis-combustion 
coupling and fuel coking 
activity, has been developed. 
It is used to run tests under 
both stationary and transient 
conditions using ethylene as 
fuel and air as oxidizer. The 
influence of two major 
parameters, i.e. fuel mass 
flow rate and equivalence ratio, on the heat flux density passing from the combustion gases to the combustor wall, on 
the sensible heat flux absorbed by the fuel-coolant, and on combustor heat exchange efficiency has been determined. 
It has been observed that an increase in fuel mass flow rate and equivalence ratio leads to a general raise of the heat 
flux density between the burned gases and the internal surfaces of the combustion chamber. It has been illustrated that 
mass flow rate and equivalence ratio increases also result in an increase in the thermal energy absorbed by the coolant; 
this means that the cooling capability of the cooling system grows as a function of the two operating parameters. It 
has also been seen that the heat exchange efficiency of the combustor increases with equivalence ratio whereas it 
decreases with fuel mass flow rate. The effects of fuel coking activity on the cooling system have been examined. It 
has been proved that, when fuel-coolant residence time in the cooling channel is about 15 s, the fuel starts to form 
carbon deposition in the cooling channel in a temperature range of 700-750 K. A fuel coking activity monitoring 
method suitable for real-time on-board application, i.e. the measure of fuel pressure drop in the cooling channels, has 
been defined and tested. The knowledge acquired in this paper represents a first step to better understand the effect of 
the command parameters on the dynamics of a regeneratively cooled combustor. It will now be possible in a future 
work to develop analytical relationships for an engine control strategy to generate a required thrust without exceeding 
a temperature threshold. 
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